I N T R O D U C T I O N
Nicotinic acetylcholine (ACh) receptors (AChRs) are ligand-gated ion channels that mediate fast chemical communication at the vertebrate neuromuscular synapse. These membrane proteins switch between two native conformational ensembles that have a C(losed) or an O(pen) channel, either with or without ligands present at two transmitter-binding sites (Auerbach, 2013) . When agonists are present at the binding sites, the openchannel probability (P o ) increases simply because these ligands bind with higher affinity to O versus C. In AChRs, the end states of the global C↔O allosteric transition ("gating") have different enthalpies and entropies (Gupta and Auerbach, 2011) , which suggests changes in both structure and dynamics (Tsai et al., 2008) . Note that we use the word "gating" to refer to the full allosteric transition of the pentamer and not just the microscopic step of this complex process that results in a conductance change of the pore.
The adult neuromuscular AChR is a pentamer comprised of four different but homologous subunits ( 2 ). The two transmitter-binding sites are in the extracellular domain (ECD) 5 nm from each other and from the gate region in the transmembrane domain (TMD) (Fig. 1 A) . Each transmitter-binding site is comprised of three loops in the principal  subunit and one in the complementary / subunit ( Fig. 1 B) . In the AChbinding protein (AChBP), a soluble homologue of the AChR ECD, -subunit loop C is flexible and shows an Correspondence to Anthony Auerbach: a u e r b a c h @ b u f f a l o . e d u Abbreviations used in this paper: ACh, acetylcholine; AChBP, AChbinding protein; AChR, ACh receptor; ECD, extracellular domain; TMD, transmembrane domain. inward displacement ("capping") when certain ligands are present (Celie et al., 2004; Hansen et al., 2005; Brams et al., 2011) . A similar rearrangement of loop C has been observed in Torpedo marmorata AChRs, although the movement may be more restricted than in AChBP (Unwin and Fujiyoshi, 2012) .
The two transmitter-binding sites have different complementary subunits and, hence, different structural elements. However, in adult-type mouse AChRs, the two sites happen to be functionally equivalent, with each having approximately the same affinity for ACh regardless of whether the protein is in the resting-C or active-O conformation (Jha and Auerbach, 2010) . When the protein switches from C to O, each binding site increases its affinity for ACh by a factor of 6,000 (from 170 to 0.03 µM). This event increases the C↔O gating equilibrium constant by a factor of 36 million (stabilizes O relative to C by approximately 10 kcal/mol) and the single-channel P o from 10 6 in the absence of ligands to 0.96 with two bound neurotransmitters.
The increase in affinity for the agonist is just one of several intermediate events within the C→O arrow Lape et al., 2008) . The gating equilibrium constants (O vs. C free energy differences) we report reflect the product (sum) of those of the microscopic transitions between all of the intermediates states that comprise the full protein allosteric transition, which Loop C and the mechanism of acetylcholine receptor-channel gating
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Models with an added, brief AC state interposed between AC and A 2 C provided a better fit to the current interval durations. AC was interpreted as a state in which energy from only one of two low→high affinity-binding events had appeared at the gate (Auerbach, 1993) .
The priming model extends and offers new experimental support for this idea as well as a specific structural path for site-gate communication (Mukhtasimova et al., 2009) . In this hypothesis, the capping motion of each C loop independently transfers energy toward the gate via specific  strands in the ECD and residues at the ECD-TMD interface (Lee and Sine, 2005; Lee et al., 2008; Mukhtasimova et al., 2009) . The proposed sequence of gating rearrangements (loop C→ 9-10 → interface→M2→gate; Lee et al., 2009 ) is appealing because it occurs over a contiguous set of structural elements (Fig. 1 A) . The evidence presented in support of this hypothesis was from analyses of single-channel currents from WT, mutant, and cysteine cross-linked AChRs, recorded both in the absence and presence of agonists.
Here, we examine the experimental foundations of the priming model for site-gate communication in AChRs. We show that loop-C capping is not a necessary trigger for channel opening.
M A T E R I A L S A N D M E T H O D S
Cell culture and mutagenesis Human embryonic kidney (HEK) 293 cells were maintained in Dulbecco's minimal essential medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin, pH 7.4. The cultures were incubated at 37°C and 5% CO 2 . The QuikChange site-directed mutagenesis kit (Agilent Technologies) was used to create mutations or deletions that were verified by nucleotide sequencing. HEK cells were transiently transfected using the calcium phosphate precipitation method by incubating them for 15 h with 3.5-5.5 µg DNA per 35-mm culture dish in the ratio of 2:1:1:1 (///). The cells were cotransfected with GFP (0.1 µg/µl\e) as a marker protein. Cells were washed by changing the media after 15 h of transfection, and electrophysiological recordings were made within 36 h after washing. All constructs expressed well except for those with glycine substitutions in loop C.
Electrophysiology
Single-channel currents were recorded in the cell-attached patch configuration at room temperature. The composition of the bath solution was as follows (mM): 142 KCl, 5.4 NaCl, 1.8 CaCl 2 , 1.7 MgCl 2 , and 10 HEPES/KOH, pH 7.4. The patch pipettes were filled with Dulbecco's phosphate-buffered saline containing (mM): 137 NaCl, 0.9 CaCl 2 , 2.7 KCl, 1.5 KH 2 PO 4 , 0.5 MgCl 2 , and 8.1 Na 2 HPO 4 , pH 7.3 NaOH. For the experiments with agonists, ACh was added only to the pipette solution. Stock ACh solution was diluted to the desired concentration using Dulbecco's phosphatebuffered saline. Patch pipettes (10-M) were fabricated from borosilicate glass and coated with sylgard (Dow Corning). Singlechannel currents were acquired using an amplifier (PC505B; Warner instruments), low-pass filtered at 20 kHz using an external filter (LPF-8; Warner instruments), and digitized at a sampling frequency includes both the affinity change for the agonist and the conductance change of the pore.
Loop-C capping has been proposed to initiate AChR channel opening (Karlin, 1969; Celie et al., 2004) . This idea has emerged mainly from a comparison of the relative position of loop C in AChBPs with versus without bound ligands. For 40 different ligands, there is a correlation between the degree of capping and the action of ligand on AChR function, with agonists showing more contracted conformations and antagonists showing more extended conformations (Brams et al., 2011) . However, other experiments suggest that loop C is mainly involved in forming favorable contacts with the ligand, in both the low and high affinity conformations of the binding site (Jadey and Auerbach, 2012) . In this view, loop-C capping could increase the openchannel probability not by transferring energy over distance but simply by increasing the relative stability of the open-channel conformation through local interactions at the binding site.
Several hypotheses have been put forward for the mechanism that links the binding sites and the gate. Single-channel kinetic (phi-value) analyses suggest that the protein is divided into microdomains that each undergo a local C↔O rearrangement (Auerbach, 2005) . In this model, neighboring domains interact and isomerize sequentially to generate a "Brownian conformational wave" connecting the binding sites and the gate, with residues in the binding site loops moving near the onset of channel opening. Elastic network models show that the protein's breathing motions may be able to bring about a global "quaternary twist" that opens/closes the pore (Taly et al., 2005) . In this mechanism, the gating conformational change is generated by the concerted motions of the entire pentamer backbone. These models also suggest that loop-C motion occurs relatively early in channel opening (Zheng and Auerbach, 2011) . In the "priming" hypothesis, the binding sites and the gate communicate by sequential movements of a discrete set of primary and secondary structural elements (Mukhtasimova et al., 2009) . In this mechanism, each binding site reversibly communicates with the gate by structural changes along a defined pathway and does so independently of the other binding site. Again, loop-C capping is proposed to occur at the onset of channel opening.
Many years ago, a "stepwise" model for AChR gating was proposed in which binding energy from the affinity change moves independently from each site to the gate, with rapid opening occurring only after both sites have contributed (Auerbach, 1992 two-state C↔O scheme (Jackson, 1986; . Most unliganded openings are brief, but a few are long-lived. The two populations of unliganded openings can be seen easily in current traces and in the intracluster interval duration histograms that have multiple open components (Fig. 2, A and B) . In AChRs with WT-binding sites, long openings are present in 9S and in 100 other, different constructs having background mutation(s) that increases constitutive of 50 kHz using a data acquisition board (SCB-68; National Instruments). The wire and pipette holder used in unliganded studies were never exposed to agonists.
Kinetic modeling
Kinetic analysis of single-channel data was performed by using QUB software. For estimation of the rate constants, clusters of openings flanked by greater than or equal to 20-ms silent periods were selected by eye. Currents within clusters were idealized into noisefree intervals after further digital low-pass filtering at 12-15 kHz by using the segmental k-means algorithm (Qin, 2004) . The forward (f n , where n is the number of bound agonists) and backward (b n ) gating rate constants were estimated from the idealized interval durations by using a maximum-interval likelihood algorithm after imposing a dead time of 25 µs (Qin et al., 1997) . The unliganded gating equilibrium constant was calculated from the ratio of the rate constants, E 0 = f 0 /b 0 .
The idealized intracluster interval durations were fitted by Markov state models. For all of the binding site mutants, the unliganded open-and closed-interval durations were described by a simple two-state model (C↔O). With WT-binding sites, additional C and O states were added, one at a time, until the log-likelihood score failed to improve by >10 units. The rate constants f 0 and b 0 were computed as the inverse of the predominant closed-and open-lifetime components.
The data shown in Fig. 5 were fitted by three different four-state schemes (Table 4) . Two of the schemes were linear (O↔C↔AC↔AO and C↔O↔AO↔AC) and had six free parameters. Detailed balance was enforced in the full cyclic scheme, which had seven free parameters.
In the presence of saturating concentrations of agonist, the fully resolved gating intervals can be well described by a two-state model, either A 2 C↔A 2 O (with agonists) or C↔O (without agonists and a mutation of a core aromatic). However, there are short-lived intermediate states between the stable closed-and open-channel conformations (Lape et al., 2008) . In our experiments, the brief sojourns in these states were not resolved as discrete events, so the forward and backward "gating" rate constants pertain to the complete passage between the ground states. Sojourns in intermediate gating states do not influence the energy difference between C and O (log of the gating equilibrium constant) estimated by using a two-state model. These experimentally determined values reflect the sum of the energy changes (product of the equilibrium constants) for all of the steps through whatever sequence of intermediate states may exist. Here, we are only concerned with the total C↔O equilibrium constant ("gating") and not with the separation of this quantity into its factors.
R E S U L T S

Unliganded openings
In the absence of agonists, WT AChRs rarely open (Jackson, 1986) , but many mutations increase substantially the level of constitutive activity ). The mutations need not be at the binding sites, ECD-TMD interface, or gate, but they can be in many different places throughout the protein. Fig. 2 shows examples of unliganded single-channel currents from mouse AChRs having the same mutations used in the experiments to support the priming model in human AChRs (M2-9S, in the gate region of the pore; see Fig. 1 A) Nayak et al., 2012) .
As has been known many years, without agonists the gating of unliganded AChRs is not described by a simple Unwin, 2005) . ECD, extracellular domain; TMD, transmembrane domain. Horizontal lines mark approximately the membrane. Purple, loop C; blue, 9-10 ; green, ECD-TMD interface; tan, M2. Spheres, onpathway residues (gray) W149 (binding site), P272 (M2-M3 linker), and L251 (M2-9' gate region), and off-pathway residues (white) P123 (loop D; aligns with P121) and A96 (loop A) (see Fig. 4 ). (B) Close-up view of the Lymnaea stagnalis AChBP ligand-binding site (Protein Data Bank accession no. 1uv6; Celie et al., 2004) . White, primary subunit ( in AChRs); tan, complementary subunit ( or  in AChRs); green, the four core aromatic residues (AChR numbering); ligand, carbamylcholine. Spheres, C atoms of the terminal residues of loop C (V188 and Y198 in mouse AChRs).
unliganded gating activity in AChRs having a Phe mutation at just one of these residues (at both binding sites) in addition to the distant 9S background mutations. In all of these constructs, constitutive gating activity without agonists did not have both brief and long openings but was well described by a simple C↔O model. Moreover, the spontaneous activity from these AChRs was similar to the brief openings observed in AChRs having WT-binding sites. A Phe substitution of any one of the core aromatics (at both binding sites) eliminated the long openings but hardly affected the brief ones. One of these aromatic mutations (Y190F) was studied using the same background mutations in human AChRs, and again only brief events persisted (Mukhtasimova et al., 2009) .
Previously, the effects of 50 different substitutions of the core aromatics were examined using a variety of activity (for example, Purohit and Auerbach, 2009; Nayak et al., 2012) .
The priming proposal makes an important assumption regarding the two populations of unliganded openings: activation of only one binding site generates brief openings, and activation of two sites generates long openings. The proposal is that without agonists, the brief openings arise from AChRs in which only one C loop has capped to perturb just one of the two -subunit ECD-TMD interfaces ("singly primed"), and that long openings reflect AChRs in which such rearrangements have occurred in both  subunits ("doubly primed"). In this view, brief unliganded openings arise from AChRs in which only a portion of the overall gating transition has occurred.
The -subunit side of each binding site has four core aromatic residues (Fig. 1 B) . (Fig. 1 B) eliminate long openings but leave the brief ones nearly unchanged (see A for the activity with only background mutations present). Almost all mutations of these four residues, and only these, abolish long openings.
binding site but not from -. This is unexpected but possible.
The priming speculation is that the brief openings that remain after the aromatic mutation arise from AChRs in which only a single  subunit undergoes a C↔O conformational change. However, the properties of these brief openings are in many respects the same as those for diliganded gating events in which both  subunits undergo a C↔O conformational change Nayak et al., 2012) . The open intervals have the same conductance (72 vs. 67 pS). The gating equilibrium constants have the same voltage dependence (58 vs. 61 mV/e-fold change) and change approximately to the same extent with the addition of distant background mutations (Table 3 ). For example, the mutation S269I (in M2; Fig. 4 ) increases the brief unliganded constitutively active background constructs (Purohit and Auerbach, 2010) . As was the case with the Phe substitutions and the 9S background, almost all (96%) of the aromatic mutations eliminated the long component but left the brief one nearly unchanged. There appears to be nothing special about loop-C residue Y190 or Phe substitutions with regard to their ability to eliminate long openings, or about the 9S mutation with regard to its ability to elicit long openings when the binding sites are WT.
According to the priming hypothesis, these observations indicate that the mutation of a core aromatic at both binding sites eliminates site-gate energy transfer, but only at one of the two binding sites. That is, removing the hydroxyl group from Y198 (in both  subunits) prevents priming from the - (for example) Figure 3 . Loop-C capping increases channel opening by increasing agonist binding and not by a long-distance energy transfer. The 11 loop-C residues (Fig. 1 B) were replaced by n = 11, 9, 7, 5, or 3 glycines. (A) Gating in the absence of ligands; the background mutations increased constitutive gating but had no effect on agonist binding (A96H in loop A and S450W in M4). Left, the residues in loop C (V188 to Y198) ; middle, open-interval duration histograms; right, example currents. (Top) WT loop C. Constructs with modified C loops produce unliganded gating activity having similar properties as the WT (Table 1) . Progressive replacement with glycines hardly changes the brief component of unliganded gating, which is normal even when loop C has been deleted. 
Loop C
A second component of the priming model is that each priming event results from transition of a C loop from the uncapped to the capped conformation. Other results suggest that loop C is mainly involved with agonist binding (Jadey and Auerbach, 2012) . To further explore the role of loop C in binding versus gating, we examined several loop-C deletion/substitution constructs, both without and with agonists present.
We modified loop C (in both  subunits) by altering the 11-residue region between 188 and 198 (mouse sequence VFYSCCPTTPY; Fig. 1 A) . The first tyrosine in this sequence is Y190, an amino acid that is particularly important for both low affinity binding and the low-to-high affinity transition that increases the gating equilibrium constant (Tomaselli et al., 1991; Chen et al., 1995) . We replaced the 11 loop-C residues with n = 11, 9, 7, 5, or 3 glycines and used background mutations to increase the level of constitutive activity. Fig. 3 A shows example unliganded clusters from AChR having a WT (top) or modified C loop. Gating in all of these highly modified loop-C constructs was approximately the same as in the background construct. That is, the unliganded gating rate and equilibrium constants, and the extent to which these constants changed with the addition of a background mutation, were similar to those of the unliganded brief component in AChRs having two WT C loops (Tables 1 and 2 ). In these loop-C constructs, the long component of unliganded openings was absent. Loop C contains two of the four core gating equilibrium constant by 90-fold and the diliganded gating equilibrium constant by 115-fold. The shut-and open-interval lifetimes also respond quantitatively to mutations in approximately the same way, as phi values for six different residues (in the , , and  subunits) are the same for brief unliganded and diliganded gating. These results suggest that brief unliganded and diliganded gating events occur by the same essential, global conformational change.
Further support for this hypothesis comes from a consideration of the intrinsic energy of gating, which is the O versus C free energy difference in the absence of agonists. In the presence of agonists, the A 2 C versus A 2 O energy difference is the sum of the unliganded O versus C energy difference and the binding energy from the agonist arising from the low→high affinity change at the two binding sites Auerbach, 2013) . The unliganded gating energy has been estimated from the properties of just brief openings (+8.3 kcal/mol; Purohit and Auerbach, 2009 ). According to the priming model, this is the intrinsic energy of the isomerization of just one  subunit. This energy has also been estimated from dili ganded gating where both subunits have isomerized (+8.5 kcal/mol; Jha and Auerbach, 2010) . That the two estimates are the same implies that diliganded and brief unliganded openings are generated by the same essential, global C↔O transition, and that brief openings do not reflect AChRs having only one activated  subunit. ); E 0 , unliganded gating equilibrium constant (=f 0 /b 0 ). Background: A96H + S450W (net fold increase in E 0 = 1.7 × 10 5 ); n, number of patches. 11-Gly, a loop-C construct with 11 glycine residues substituted at positions 188-198 in both  subunits (WT mouse sequence VFYSCCPTTPY; see Fig. 3 ). The mutation A96H was present in all constructs to increase constitutive activity. +, the additional background mutation. Fold changes are relative to the no-additional-background construct, either without agonists (E 0 , 11-Gly construct) or in 20 mM choline (E 2 cho ; WT-binding sites). n, number of patches. The effect of the added background mutation is similar with 11-Gly or WT C loops. Another relevant experimental observation supporting the priming mechanism was that the formation of a disulfide cross-link between cysteines at the tips of the C loops and the complementary subunits produced only what appears to be long unliganded openings. The interpretation given for this result was that forcing both C loops into their capped position leads to "double priming." The effect of cross-linking only one C loop was not reported but according to this hypothesis should produce only "singly primed" brief openings. Interestingly, applying the same cross-linking protocol to AChRs that lacked the background gate mutations did not generate long unliganded openings. The reason given for this unexpected result was that without the distant gate mutations, loop C and the primary and complementary sides of the binding sites are too widely separated to allow a covalent reaction (Mukhtasimova et al., 2009; Sine, 2012) , but experimental support for this speculation was not provided.
T A B L e 1
Unliganded gating constants for loop-C glycine constructs
T A B L e 2
Effect of background mutations, 11-Gly loop-C construct
The cross-linking experiment demonstrates that making both C loops bond covalently with their complementary subunits increases the unliganded gating equilibrium aromatics (Y190 and Y198), so the absence of the long component is consistent with the observation that all four of these residues must be WT for long openings to be present.
We also tested whether or not the 11-glycine construct could be activated by ACh. Fig. 3 B shows that there was no increase in the open probability when these AChRs were exposed to 1 mM ACh. We then examined another loop-C construct that had nine glycines and two tyrosines at positions 190 and 198 (9G/2Y) . This construct, which had all four core aromatics at both binding sites, showed both brief and long unliganded openings. The brief open component had similar shut-and open-interval durations as the all-glycine construct (compare Fig. 3 A, 11gly , with Fig. 3 B, 0 ACh). With the 9G/2Y version of loop C, the application of >10 µM ACh did increase the cluster open-channel probability (Fig. 3 B) . This indicates that with only two WT loop-C amino acids, neurotransmitter molecules could enter the binding sites with a low affinity, and that these sites could convert to a high affinity form to increase the open-channel probability. Unwin, 2005) . The putative priming pathway is dark gray (see Fig 1 A) . The mutated residues were in M1, M2, M3, and M4. (B) Example unliganded currents and openinterval histograms (the background was 9S; arrow marks the time constant of brief component; see Fig. 2 A) . All of the mutations made the brief openings longer-lived. The gating equi librium constants are given in Table 3. evidence presented for this set of rearrangements was that a mutation to a putative "on-pathway" residue, P272A (at the ECD-TMD interface, in both  subunits), when added to the 9S background, elicited only long unliganded openings, whereas one to a binding site residue not on this pathway (P121L, on the complementary subunit, at the --binding site) elicited both brief and long unliganded events (see Fig. 1 A) . The interpretation was that only the on-pathway mutation influenced (promoted, in this case) "doubly primed" gating.
We considered whether or not the observations could also be explained by local effects of the mutations rather than to the perturbation of a specific long-distance sitegate link. For instance, perhaps the P272A substitution, but not the P121L substitution, increases P o simply because the substituted side chain is more stable in O compared with the WT side chain. Like the loop-B mutations (Fig. 3 C) and cross-linking, the P272A mutation might increase the gating equilibrium constant only by changing the relative ground-state energies rather than by perturbing an energy-transfer pathway.
To test this idea, we examined the effects on unliganded gating of several mutations that are likely to be either on or off the purported direct communication pathway, using the 9S background (Fig. 4 A) . Fig. 4 B shows that all of these mutations, some of which were not on the putative priming pathway, gave rise to AChRs showing only what appeared to be long openings. There was nothing particularly special about the location of the mutations, as substitutions in M1, M3, and M4 all increased the unliganded open probability (Table 3) . A straightforward interpretation of these results is that all of the mutations, including P272A, make the system constant. However, this rearrangement is substantial and likely to perturb many structural elements at the binding sites. This raised the possibility that cross-linking might be like other point gain-of-function perturbations that increase the gating equilibrium constant substantially simply by increasing the relative stability of O compared with the WT side chain (Jadey et al., 2011) .
To test this, we measured unliganded gating in AChRs having several binding site point mutations. The mutations were not in loop C but in loop B (G153S and W149F), added to the 9S background. The W149F mutation by itself eliminates long openings, so all that remained were the brief gating events. Fig. 3 C shows unliganded gating activity from this construct in which both C loops were WT. The spontaneous activity of this construct resembled that from cross-linked AChRs with regard to cluster open probability.
Pathway
Another element of the priming model is that the ability to prime (transfer energy through the protein) depends on discrete secondary structures and residues in a specific site-gate linkage pathway. Our interpretation of the data presented in support of the priming scheme is that the capping of each C loop transfers energy to the ECD-TMD interface by a rigid body motion of  strands 9-10 ( Lee and Sine, 2005; Mukhtasimova et al., 2009) , and that the consequent perturbation of a proline (P272, in the M2-M3 linker) and a salt bridge (between R209 in the Pre-M1 linker and E45 in loop 2) at this interface somehow (perhaps by a movement of loop 2) causes the displacement of the M2 helix to trigger the channel conductance change. One piece of T A B L e 3 Backgrounds: 9S, L262S + L265S; fold change E 0 is relative to the background, and fold change E 2 choline is relative to the WT. The additional mutations have similar effects on the unliganded versus diliganded gating equilibrium constant. were apparent, with relative proportion of the longer ones increasing with increasing [ACh] . We fitted the interval durations across concentrations using three different more stable in O compared with C and, hence, make the brief unliganded currents resemble the long ones that are apparent without the mutations.
Effects of mutations on unliganded gating
Kinetic models
Additional support for priming was from kinetic modeling of single-channel currents in which the log likelihood was significantly greater for the scheme with "primed" states than for the Del Castillo-Katz scheme. In one experiment, AChRs with the 9S background gave rise to alternating periods of activity having either brief or long openings, both without agonists as well as with low (1-10-nM) concentrations of ACh. Remarkably, the same kinetic scheme could be used to model both conditions, with rate constants for entering and leaving both the brief and long open states that were similar with and without ACh, but with long openings being more prevalent with ACh present. The interpretation was that at low agonist concentrations, "singly primed" gating episodes (with brief openings) still occur but that agonists increase the probability of "doubly primed" episodes (with long openings).
Many different kinetic schemes can describe singlechannel currents equally well, so the assignment of a state in a single model to a physical state of the protein is not unambiguous. Our interpretation of the episodes with brief versus long openings at low [ACh] was different. A cyclic model for binding and gating has been used to describe AChR single-channel activity (Auerbach, 2010) . Using this concept, we interpreted the brief opening periods as arising from completely unliganded AChRs (C↔O) and the long opening periods as arising from liganded gating activity (at low [ACh] , mostly AC↔AO). In either case, in our model the arrow in each of these steps represents the same set of global allosteric transitions of the protein rather than "singly" versus "doubly" primed gating.
We tested the possibility that a cyclic mechanism might be able to account for the kinetic behavior of AChRs activated by low [ACh] . To make the modeling as simple as possible, we measured current interval durations at low [ACh] using a construct that had only one operational binding site. The construct had the mutations W149F (to eliminate the unliganded long component), 9S (to increase constitutive activity), and P121R (to eliminate activation by the - site). The W149F mutation has two additional effects. First, it lowers the resting affinity, so it was necessary to use higher [ACh] than in AChRs without this substitution. Second, it reduces the energy generated by the affinity change for ACh. Previous studies using high [ACh] in otherwise WT AChRs showed that with W149F, each ACh molecule increases the gating equilibrium constant only by 690-fold, compared with 6,000-fold in the WT . Table 4 . All of the rate constants, including ACh association to and dissociation from the high affinity open-channel conformation, can be measured in single-channel recordings.
However, several experimental results do not support this clockwork sequence of domain motions. (a) The deletion of loop C does not inhibit unliganded gating (Fig. 3 A) , so capping cannot be a requirement for pore opening. Jadey et al., 2011) . A perturbation-induced change in P o does not imply that the perturbed site is on a sitegate linkage pathway. (e) Mutant cycle analyses show that some closely apposed residues at the ECD-TMD interface are energetically coupled in gating (Lee and Sine, 2005; Purohit and Auerbach, 2007; Lee et al., 2008 Lee et al., , 2009 Mukhtasimova et al., 2009; Mukhtasimova and Sine, 2013) . This shows only that these side chains share a common environment and does not demonstrate that they participate in site-gate energy transfer. Energy coupling between neighboring residues is not evidence for allosteric energy transfer. (f) Nonconservative mutations of key residues at the ECD-TMD interface (for example, P272S, R209H, and E45L) have almost no effect on P o , so it is unlikely that these amino acids are essential on-off switches that separate the C and O ensembles (Tamamizu et al., 1995; Lee and Sine, 2005; Lummis et al., 2005; Jha et al., 2007; Purohit and Auerbach, 2007; Paulsen et al., 2009; Mukhtasimova and Sine, 2013) . (g) In channel opening, some residues at the C terminus of M2 have higher phi values than those at the ECD-TMD interface: >0.9 (Bafna et al., 2008) versus 0.7 (Jha et al., 2007; Purohit and Auerbach, 2007) . Insofar as phi gives the relative position of the energy change of a perturbed site within the allosteric In the full cycle (Fig. 5 B, inset) , the agonist (A) could bind to both the C (low affinity) and O (high affinity) conformations. Rate constants (mean ± SD) were from the global cross-concentration fit (n = 64,790 intervals; s 1 or µM
). k on , low affinity association rate constant; k off , low affinity dissociation rate constant; j on , high affinity association rate constant; j off , high affinity dissociation rate constant; LL, loglikelihood; nfp, number of free parameters. f n and b n are the opening and closing rate constants with n-bound agonists. From the gating rate constants of the cyclic model, E 1 = 26 and E 0 = 0.035 (E 1 /E 0 = 742). kinetic schemes, each having four states. In the first scheme, agonist binding connected only the C states (O↔C↔AC↔AO), and in the second scheme, agonist binding connected only the O states (C↔O↔AO↔AC). The third scheme was the full cycle in which agonist binding connected both the C and O states (Fig. 5 B, inset) .
The goodness of fit for each model was assessed by its loglikelihood value (Qin et al., 1997) . The best fit was obtained by using the full cycle (Table 4) . Fig. 5 B shows that the open durations were well described by the optimal rate constants estimated from all [ACh] . The equilibrium constants for ACh binding to the low and high affinity conformation of the single operational binding site (- with W149F) calculated from these rate constants were 520 and 0.7 µM. The ratio of these constants gives the extent to which the gating equilibrium constant increases with an ACh molecule. The value obtained from the modeling studies (740-fold) is similar to that obtained previously by saturating the binding site (690-fold).
These modeling results show that a simple cyclic reaction mechanism describes gating at low [ACh] . Further, they demonstrate that it is possible to measure directly both the agonist association and dissociation rate constants from the high affinity O conformation of the AChR. This is a new development in single-channel analysis.
D I S C U S S I O N
The priming model for gating is intuitive from the perspective of AChR structure. It is reasonable to imagine that in channel opening, the agonist molecule at each binding site independently pulls in a C loop to tug strands  9-10 , jostle a proline and salt bridge at an -subunit ECD-TMD interface, tilt an M2, and (with eventual help from the other  subunit) rearrange the gate region of the pore. It is also reasonable to associate one or more of these hypothetical intermediate structures with intermediate gating states that have been detected in single-channel recordings.
are needed to reveal the mechanisms that generate long unliganded openings.
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This work was supported by National Institutes of Health (grants NS-23513 and NS-064969). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. transition on a scale from 1 to 0 (earlier to later) , this result suggests the reverse order of energy change than as proposed in priming. These observations lead us to conclude that the mechanism of site-gate energy transfer in AChR gating remains an open question (Auerbach, 2013) .
The kinetics of unliganded and mono-liganded gating at low [ACh] are consistent with a cyclic activation model that posits that unliganded and liganded gating are by the same essential mechanism (Fig. 5) . The global Monod-Wyman-Changeux scheme for allosteric proteins remains a good, if approximate, model for AChRs (Monod et al., 1965; Karlin, 1967) . For many years the sequential Del Castillo-Katz model (the physiologically relevant subset of Monod-Wyman-Changeux) has been the main scheme for estimating the low affinity binding and diliganded gating rate and equilibrium constants of AChRs. Protein engineering techniques have been developed to facilitate the measurement of the activation constants for mono-liganded and unliganded AChRs Jha and Auerbach, 2010; Nayak et al., 2012) , and an indirect approach has allowed the estimation of the dissociation of ACh from the high affinity binding site (Grosman and Auerbach, 2001 ). The results in Fig. 5 show that it is possible to estimate directly the rate constants for unliganded and mono-liganded gating, and low and high affinity agonist binding, by using a single cyclic-state model. The ability to estimate the association rate constant between open states of the cyclic scheme is a new and significant development.
An observation that cannot be incorporated into the cycle is unliganded long openings. In some ways these resemble the long openings that are elicited by agonists. They are interrupted by brief gaps, and their lifetimes increase with background mutations that increase those of liganded events, suggesting that both classes of event are generated by the same essential C↔O gating process. However, in other respects the unliganded long openings are unlike those from agonists. A mutation of any one of the four core aromatic residues essentially abolishes them but does not affect or only modifies agonist-activated openings. For example, the binding site mutation Y198F has almost no effect on ACh affinity or efficacy (or desensitization) but eliminates completely the long unliganded events (Purohit and Auerbach, 2010) .
We are unable at this time to propose a specific physical basis for long unliganded openings. They do not arise from activation by monovalent cations in the extracellular solution because they persist even when these are removed completely (Nayak et al., 2012) . It is possible that that long openings are generated by water in the binding site (for example, OH 3 + ) or by a structural fluctuation of the protein in the vicinity of the binding site (Purohit and Auerbach, 2010) . Further experiments
